Invasion of the intestinal epithelium is thought to be an important step in the pathogenesis of Salmonella infections. Using an in vitro system, we have isolated a genetic locus, inv, that confers to a noninvasive strain of Salmonella typhimurium the ability to penetrate tissue culture cells. Highly virulent S. typhimurium strains carrying inv mutations were defective for entry into Henle-407 cells while remaining unaffected in their ability to attach to cultured cells. When administered perorally to BALB/c mice, inv mutants of S. typhimurium had higher 50% lethal doses (LD50) than their wild-type parent strains. To the contrary, there were no differences in the observed LD50 when strains were administered intraperitoneally. In addition, inv mutants presented decreased ability to colonize the Peyer's patches, the small intestinal wall, and the spleen when
tered intraperitoneally. In addition, inv mutants presented decreased ability to colonize the Peyer's patches, the small intestinal wall, and the spleen when administered perorally, although when administered intraperitoneally, they showed no difference in their ability to colonize the spleen compared to the wild-type parent strain.
Penetration of epithelial cells of the intestinal mucosa is one of the earliest steps in the establishment of infection by a variety of enteric pathogens. Shigella and enteroinvasive Escherichia coli, for example, invade the colonic epithelial cells producing a rather localized infection with subsequent destruction of the underlying mucosa as a consequence of their active replication (1, 2) . Salmonella and Yersinia, on the other hand, invade through intestinal epithelial cells to reach deeper tissues, preferentially those of the reticuloendothelial system, without causing major damage to the intestinal mucosa (3, 4) . Although this invasion process is believed to be very important in the virulence of these bacteria, little is known of its molecular basis.
Several investigators have made use of cultured mammalian cells as a model to study bacterial invasiveness (5) (6) (7) (8) . Infection of tissue culture monolayers provides a simple in vitro system that mimics the invasion of enterocytes in vivo and in some instances has been correlated with virulence (9) . The use of this system has allowed the identification of genes and gene products that confer invasive properties to Yersinia, Shigella, and enteroinvasive E. coli. Isberg et al. (10, 11) have shown that the product of the chromosomal gene inv is involved in the invasive phenotype of Yersinia pseudotuberculosis whereas at least two genetic loci confer this phenotype in Yersinia enterocolitica (12) . For Shigella and enteroinvasive E. coli, several genes carried on a large plasmid are necessary for these organisms to enter cultured epithelial cells (13) (14) (15) . Finlay et al. (16) have developed an in vitro system to study transcytosis of Salmonella through polarized epithelial cells. Using this system they generated transposoninduced mutants deficient in this process (17) .
We report here the cloning of genes from Salmonella typhimurium SR-11 that conferred upon a noninvasive strain of S. typhimurium the ability to enter cultured mammalian cells. The introduction of mutated invasion genes into the chromosome of wild-type Salmonella strains rendered these organisms defective for entry into but not attachment to Henle407 cells.
MATERIALS AND METHODS
Bacterial Strains. The genotypes and sources of S. typhimurium strains LT2-Z, SR-11, SL1344, and x3456 have been described (18) . S. typhimurium strain DB4673 is an isolate of TS736 (19) and was obtained from D. Botstein (Massachusetts Institute of Technology). E. coli strains CC118 (20) , JC7623 (21), and X2819 (22) have also been described.
Tissue Culture Cell Assay. Invasion of Henle-407 cells by Salmonella was performed in 24-well tissue culture plates as described (9) with some modifications. Infection was for 2 hr in Hanks' balanced salt solution (HBSS) with a multiplicity of infection of 10 bacteria per cell. After infection, monolayers were washed thoroughly with HBSS and lysed with isotonic phosphate-buffered saline (PBS) containing 0.1% sodium deoxycholate to assess the total number of bacteria associated with the cultured cells. Alternatively, to determine the number of intracellular bacteria, the infected tissue culture cells were further incubated for 3 hr with Eagle's minimal essential medium containing gentamicin (100 ,g/ml) to eliminate extracellular bacteria (23) before lysis with 0.1% sodium deoxycholate in PBS.
DNA and Genetic Manipulations. Total cell DNA was isolated as described (24) . Plasmid DNA was isolated as described (25) . Restriction endonucleases and DNA modifying enzymes were purchased from Promega Biotec and International Biotechnologies and used as indicated by the manufacturers. Transformations were performed as described (26) . A library of S. typhimurium SR-11 DNA was constructed in the cosmid vector pREG153 (24) following standard procedures (27) and in vitro packaged into A phage particles using a commercial packaging extract (Promega Biotec). The library was transduced into X2819, in vivo packaged as described (22) , and stored as a lysate over chloroform at 4°C. The transfer of DNA to nylon membranes (GeneScreenPlus, DuPont) was carried out according to the method of Southern (28) . Hybridizations were done with [32P]dATP-labeled probes according to standard procedures (27) . Phage P22 HT int transduction was performed as described (29) . Transformation of linear DNA was performed as indicated (21) . TnphoA mutagenesis was performed as described (20, 30) dations of the manufacturer. 35S-radiolabeled proteins were separated on 10% polyacrylamide gels as described by Laemmli (31) and resolved polypeptides visualized by fluorography with EN3HANCE (DuPont).
Animal Experiments. Eight-to 10-week-old female BALB/ c mice were used in all animal studies. Inoculations and quantitation of viable S. typhimurium in tissues and organs were performed as described (18) . Mouse 50% lethal dose (LD50) values were determined by the method of Reed and Muench (32) with five mice per inoculum dose.
Lipopolysaccharide Analysis. The method of Hitchcock and Brown (33) was used to analyze the lipopolysaccharide structure of various S. typhimurium strains. SDS/polyacrylamide gels (31) were stained by the method of Tsai and Frasch (34) .
RESULTS
Cloning Invasion Genes from S. typhimurium. In the process of screening strains of S. typhimurium for their ability to invade cultured mammalian cells, we observed that strain DB4673, although unable to penetrate Henle-407 cells, was able to adhere to these cells at levels equivalent to those of the wild-type LT2-Z (Table 1) . Strain DB4673 was, therefore, used as a recipient for a S. typhimurium SR-11 DNA library in the cosmid vector pREG153, to isolate genes that rendered
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E P P (Table 1 ). This plasmid was subjected to restriction endonuclease analysis and TnphoA mutagenesis to establish more precisely the regions conferring the invasive properties. Productive and nonproductive insertions of TnphoA into pYA2219 were mapped by restriction endonuclease analysis and tested for their ability to penetrate Henle-407 cells. A summary ofthis analysis is shown in Fig. 1 . Insertions which completely abolished the invasive phenotype mapped to a region of -3.5 kilobases (kb) between the Sal I and EcoRI sites at the left end of the insert. Another group of insertions that reproducibly diminished the invasive phenotype by 5-fold mapped to a 1-kb region between the two EcoRI sites at the right end of the 18-kb insert. The locus was designated inv to identify the different TnphoA insertion alleles. Insertion inv-61 and three other similar insertions (e.g., inv-20, inv-65, and inv466) that completely abolished the invasive phenotype yielded productive fusions to alkaline phosphatase indicating that these insertions most likely reside within the structural gene of a secreted protein (20) . The direction of transcription of phoA in these insertions is from left to right. No other insertion generated a productive fusion.
Identification of Plasmid-Encoded Polypeptides. Plasmidencoded polypeptides were analyzed in a DNA-directed in vitro transcription/translation system. Fig. 2 (Fig. 2, lane B) . The proteins encoded by pYA2219 inv-61: :TnphoA are shown in Fig. 2 (Fig. 3 , lane G). Insertions x67::TnphoA (Fig. 2 , lane E), x68::TnphoA (Fig. 2, lane F) , and x21::TnphoA (Fig. 2 , lane I) did not affect the expression of any proteins encoded by pYA2219 and did not affect the invasive phenotype (Fig. 1) . Deletion Analysis. pACYC184::TnphoA encodes 54-and 33-kDa proteins (Fig. 2, lane B) that comigrate with two proteins encoded by pYA2219 (Fig. 2, lane C) (Fig. 1) and encodes three proteins of 64, 54, and 47 kDa (Fig. 3 , lane C) in addition to those of pUC18 (Fig. 3, lane  G) . pYA2221 contains an overlapping HindIII-EcoRI fragment ( Fig. 1) and encodes 64-, 54-, and 35-kDa polypeptides (Fig. 3, lane D) (Fig. 3, lanes E and F) invA6J::TnphoA present in pYA2219 (designated pYA2224) was moved into pYA2217 by linear transformation using the recB recC sbcB E. coli strain JC7623 and the resulting plasmid (pYA2217 invA61: :TnphoA) was transformed into S. typhimurium DB4763. A phage P22 HT int lysate was made in this strain and used to infect S. typhimurium SR-li and SL1344. Kanamycin-resistant transductants were assayed for invasion in Henle-407 cells and the correct position of TnphoA was verified by Southern hybridization analysis (Fig. 4) (Table 2 ) and mice infected with these mutants presented longer mean times to death (data not shown). These results suggest a role for inv when infection is established by the oral route.
Tissue Distribution of InvA and Wild-Type S. typhimurium.
To further evaluate the role of inv in the disease process, the tissue distribution of inv and wild-type S. typhimurium was studied in mixed p.o. and i.p. infections. To facilitate the differentiation of the challenge strains, S. typhimurium x3456, a derivative of SR-11 with a Tnmini-tet insertion in the virulence plasmid (18) , was used. This strain has the same p.o. and i.p. LD50 as the wild-type SR-11. Wild-type S. typhimurium inoculated p.o. was more efficient than the invA (Table 3 ). The number of wild-type organisms in the spleen was also much higher than for inv derivatives. After i.p. inoculation, both strains colonized the spleen with similar efficiency (Table 3) . These results further suggest a role for inv in the initial colonization of the gut after oral inoculation.
DISCUSSION
Invasion of enterocytes is thought to be one of the earliest steps in the pathogenesis of Salmonella yet little is known about the molecular mechanisms involved in this process. To study these events in more detail, we have used an in vitro system to identify genes of S. typhimurium that confer to this organism the ability to penetrate eukaryotic cells. We isolated a cosmid clone (pYA2217) of S. typhimurium SR-11 DNA that was able to complement the penetration-deficient phenotype of S. typhimurium DB4673 ( (35, 36) . This possibility is unlikely, however, since we failed to detect invC in in vitro transcription/ translation experiments using pYA2219 invC50::TnphoA and invCI6::TnphoA (data not shown). If DB4763 is not deficient in invC or if invC is not necessary for invasion, transposon insertions would not be expected to affect the invasive phenotype. We do not yet know the nature of the defect in DB4673. We detected no differences between DB4673 and SR-il in Southern hybridization analyses of several restriction enzyme digests of chromosomal DNAs probed with the inv locus (data not shown).
To test the effect of the inv genes on the highly virulent wild-type S. typhimurium strains, we moved an insertion mutation in the invA gene that eliminates the expression of the invA, invB, and invC into strains SR-11 and SL1344 (Fig.   4 ) and tested the mutants for their abilities to penetrate eukaryotic cells. Our results ( Table 1 ) clearly indicate that the inv locus is necessary for wild-type S. typhimurium strains to penetrate tissue culture cells efficiently since invA mutants of S. typhimurium penetrated Henle-407 cells with an efficiency 100 times lower than the parent strains.
Finlay et al. (16) have developed an elegant model to study several aspects of the interaction of Salmonella with eukaryotic cells, including attachment, invasion, and translocation through the cell. Using this in vitro model and transposon mutagenesis, these authors were unable to dissect genetically the process of attachment to and invasion into eukaryotic cells by Salmonella choleraesuis (17) . Our data indicate that for several strains of S. typhimurium attachment and invasion are independent phenomena. The ability of the penetrationdeficient S. typhimurium strain DB4673 to adhere to cultured epithelial cells was not affected by the presence or absence of pYA2217 or pYA2219 (Table 1 ). In addition, introduction of the mutated invA gene into the S. typhimurium virulent strains SR-11 and SL1344 did not significantly affect the ability of these mutants to attach to tissue culture cells. In fact, the data in Table 1 (Table 3) . These findings are consistent with the higher number of wild-type organisms found in the spleen (Table 3) and with the greater LD50 observed for invA S. typhimurium after oral challenge (Table 2 ). To the contrary, no differences were found between the number of wild-type and mutant S. typhimurium in the spleen after i.p. inoculation (Table 3) , results in agreement with the observation that both strains had similar LD50 values following this route of infection (Table 2 ). Our data with mixed infections of inv and wild-type S. typhimurium, therefore, suggest a role for the inv locus in the establishment of infection after oral infection although the nature of this role is not yet clear.
In conclusion, we have cloned and characterized a genetic locus that allows S. typhimurium to penetrate tissue culture cells. We have presented evidence that suggests that this genetic locus may play a role in the establishment of infection of Peyer's patches and the small intestinal wall after oral inoculation and is, therefore, important for causing disease by the natural route of infection.
